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A B S T R A C T

Background Little research exists on extending ex-vivo systems to large animal nerves, and to the best of
our knowledge, there has yet to be a study comparing these against in-vivo data. This paper details the first
ex-vivo system for large animal peripheral nerves to be compared with in-vivo results.
New Method Detailed ex-vivo and in-vivo closed-loop neuromodulation experiments were conducted on pig
ulnar nerves. Temperatures from 20 ◦C to 37 ◦C were evaluated for the ex-vivo system. The data were analysed
in the time and velocity domains, and a regression analysis established how evoked compound action potential
amplitude and modal conduction velocity (CV) varied with temperature and time after explantation.
Main results Pig ulnar nerves were sustained ex-vivo up to 5 h post-explantation. CV distributions of ex-vivo
and in-vivo data were compared, showing closer correspondence at 37 ◦C. Regression analysis results also
demonstrated that modal CV and time since explantation were negatively correlated, whereas modal CV and
temperature were positively correlated.
Comparison with Existing Methods Previous ex-vivo systems were primarily aimed at small animal nerves,
and we are not aware of an ex-vivo system to be directly compared with in-vivo data. This new approach
provides a route to understand how ex-vivo systems for large animal nerves can be developed and compared
with in-vivo data.
Conclusion The proposed ex-vivo system results were compared with those seen in-vivo, providing new
insights into large animal nerve activity post-explantation. Such a system is crucial for complementing in-vivo
experiments, maximising collected experimental data, and accelerating neural interface development.
1. Introduction

Electrical stimulation of the nervous system is becoming increas-
ingly prevalent in diagnostic and therapeutic contexts. In recent years,
stimulation of the central and peripheral nervous systems (CNS and
PNS) has been used for a growing list of indications, such as drug-
resistant epilepsy, depression, and spinal cord injury (Creasey et al.,
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2004; Cracchiolo et al., 2021; Pérez-Carbonell et al., 2020; Bottomley
et al., 2020). Neuromodulation of ulnar nerve activity, in particular,
has gathered significant research interest in recent years, given the
ease of electrode implantation and the range of conditions that can
be addressed. Specifically, given that the ulnar nerve extends into the
forearm and hand, it is an ideal target for treating peripheral nerve
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injuries, restoring sensory feedback, and restoring motor control. The
ulnar nerve can also be examined to treat neuromuscular disorders,
such as polyneuropathy and carpal tunnel syndrome (Tan et al., 2015;
Fuglsang-Frederiksen and Pugdahl, 2011).

However, current commercially available neurostimulators rely on
open-loop stimulation, where a physician manually modifies stimula-
tion parameters to improve efficacy or minimise side effects. Using
the example of drug-resistant epilepsy, which affects up to 30% of
patients with epilepsy, it is possible to stimulate either the brain with
deep brain stimulation (DBS) or the vagus nerve with vagus nerve
stimulation (VNS) to minimise seizure frequency. VNS is a particularly
appealing solution since it is less invasive than DBS and still effective,
reducing seizure frequency by up to 50% in 26%–40% of patients in
one year (Pérez-Carbonell et al., 2020). However, since the vagus nerve
innervates various organs, side-effects from VNS may arise, including
hoarseness, voice alteration, and dyspnoea, due to off-target modula-
tion of nearby muscle or nerve fibres in the neck (Nicolai et al., 2020;
Ferrari et al., 2017; Kuba et al., 2009). Moving towards a closed-loop
approach, where stimulation parameters are automatically adjusted
based on recorded physiological and bioelectronic signal changes, in-
creases stimulation efficacy, improves the clinical benefit, and reduces
side effects from stimulation more rapidly (Sun and Morrell, 2014). In
the past decade, algorithms ranging from simple filtering and thresh-
olds to machine learning (ML) have been used to denoise, process, and
decode neural activity (Shin et al., 2022; Ribeiro et al., 2023). ML, in
particular, has shown to be more accurate in detecting symptoms for
various neurological conditions and improving the accuracy of motor
intention decoding in brain–machine interfaces (BMIs), and hence, has
gathered significant interest for closing the loop in neural interfaces for
the CNS and PNS.

The gold standard for developing pre-clinical closed-loop neural
interfaces is in-vivo animal experiments, and that for verifying their
efficacy and safety in patients is human trials. However, relying solely
on in-vivo experiments to develop novel neural implants is not con-
ducive to rapidly trialling, optimising, and maximising data capture for
these interfaces, given the cost, duration, and ethical issues associated
with such experiments. During acute in-vivo experiments, typically only
a single nerve will be examined, and the animal will be terminated
at the end of the experiment. Given the potential interactions when
conducting experiments on multiple sites, examining multiple nerves
simultaneously in specific in-vivo experiments can be impractical or
unsuitable.

A range of ex-vivo systems have been previously proposed for exam-
ining various nerves, namely optic, sciatic, subdiaphragmatic, median,
and spinal rootlets (Bastian et al., 2020; Li and Shi, 2006; Tarotin
et al., 2022; Harreby et al., 2013; Gribi et al., 2018). These studies
typically maximise nerve viability by incorporating isotonic solutions,
such as Krebs solution or Ringer’s buffer, which can be oxygenated and
perfused through one or more chambers at a temperature of 37 to 38 ◦C
o match in-vivo conditions. Sun et al. (2020) describe one of these
ystems in detail, as well as additional steps of cooling explanted rodent
ciatic nerves for an hour in a container with HEPES solution prior
o transferring to a room-temperature ex-vivo system. The container
as surrounded with ice to keep explanted nerves at a temperature

anging from 0.5 to 2.1 ◦C. Such ex-vivo systems have been used
or accurate and cost-effective experimentation on cells and tissues,
nd hence maximise experimental data collected from animals. These
ystems support initiatives such as the 3Rs (Replacement, Reduction,
nd Refinement) in the United Kingdom that highlight the need for
ptimising and reducing the number of animals used in in-vivo ex-
eriments (Prescott and Lidster, 2017). However, ex-vivo systems are
ess suitable for investigating whole system physiology, for example,
n motor control tasks. Although ex-vivo systems for explanted animal
erves do not fully eliminate ethical concerns, they would maximise
he amount of data and information collected on a particular nerve
2

n cases where animal studies cannot be avoided. In the long term,
n established ex-vivo neuromodulation system can use explants from
nimals used for other purposes, hence reducing animal numbers for
xperimentation. As far as we know, there has also yet to be a study
hat directly compares ex-vivo large animal nerve activity with that
een in-vivo, and how this changes over time in an ex-vivo system,
articularly after transporting explanted nerves (Ribeiro et al., 2022).
arge animals, such as pigs and sheep, are not as well-characterised as
mall animals, such as rodents and rabbits, and require more complex
urgical processes, but the gross anatomy, approaches, equipment,
nd electrodes used have the potential to be directly translated to
umans (Koh et al., 2022).

Therefore, we aimed to develop an ex-vivo neuromodulation sys-
em for large animal nerves, and establish how results in this system
ompare with those seen in-vivo. Both ex-vivo and in-vivo neuromod-
lation experiments were carried out, for which recordings of evoked
ompound action potentials (eCAPs) were then analysed both in the
ime and the velocity domains and at different temperatures in the
x-vivo case. Finally, a regression analysis was conducted for the ex-
ivo data to investigate the correlation between eCAP features, such
s amplitude and conduction velocity (CV), and experimental param-
ters, such as temperature and the time since explanting the nerve,
o assess nerve function and viability. These findings are crucial for
ncreasing confidence in, and hence promoting the adoption of ex-vivo
ystems more broadly to accelerate neuromodulation research using
arge animal models.

. Methods

.1. Experimental protocol

A schematic of the experimental set-up and the in-vivo and ex-
ivo protocols is shown in Fig. 1 and described here. Recording and
timulation multi-electrode cuffs (MECs) were manufactured and im-
lanted in-vivo on the pig ulnar nerve. A charge-balanced, biphasic
timulation profile was applied, covering stimulation currents up to
6mA, and the resulting eCAPs were recorded. This stimulation proto-
ol was repeated four times per recording. The nerve was subsequently
xplanted, transported over the course of an hour in Ringer’s buffer
t 4 ◦C, and transferred to the ex-vivo system containing the same
olution. The temperature of the ex-vivo system was initially 20 ◦C,

and was then gradually increased to a maximum of 37 ◦C using a
temperature-controlled water bath, which in turn supplied a water
jacket surrounding the Ringer’s buffer containing the nerve. During this
time, the same stimulation protocol as that used in-vivo was applied.
Both in-vivo and ex-vivo datasets were processed and examined in the
time and velocity domains. Lastly, a regression analysis was also con-
ducted with the ex-vivo data to ascertain the impact of key parameters,
such as time since explanting the nerve and temperature, on the eCAP
amplitude and modal CV.

2.2. Cuff design

Stimulation and recording cuffs were manufactured and implanted
on the ulnar nerve first in-vivo, then ex-vivo. The cuffs were man-
ufactured using the technique described by Haugland (1996). The
stimulation cuff was manufactured with a tripolar configuration, with
three platinum-iridium ring electrodes with 3mm centre-to-centre dis-
tance and a total cuff length of 10mm. The outer electrodes in the
stimulation cuff had a width of 1mm and the inner electrode a width
of 0.5mm. The recording cuff consisted of 12 platinum-iridium ring
electrodes and an additional two guard electrodes of the same material
on either end, which were short-circuited and used as a reference. The
recording cuff had a total length of 50mm, an inter-electrode distance
of 3.5mm, the recording electrodes had a width of 0.5mm, and the
guard electrodes had a width of 1mm. The inner diameter for the

stimulation and recording cuffs were 1.8mm and 2.6mm, respectively.
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Fig. 1. Experimental setup for in-vivo and ex-vivo experiments. (a) Diagram of stimulation and recording cuffs. The length of the tripolar stimulation cuff, 𝑎, is 10mm. The
recording multi-electrode cuff (MEC) consisted of 11 channels (labelled 𝑐ℎ1 to 𝑐ℎ11) spread over an overall length, 𝑏, of 50mm. The width of each recording electrode, 𝑒, was
0.5mm, and the inter-electrode distance, 𝑑, was 3.5mm. Guard electrodes were also included at the start and end of the recording MEC, with a width, 𝑐, of 1mm, and short-circuited
to create a reference. A distance 𝑓 has also been labelled, corresponding to the distance between the first recording electrode and the middle of the stimulation cuff. In the ex-vivo
system, 𝑓 ranged from 32 to 55mm. (b) Schematic diagram (above) showing two chambers and pathways for heated water and chamber perfusion. Image of the manufactured
ex-vivo system (below). The recording and stimulation cuffs were placed in separate chambers, joined by a narrow channel in the middle of the ex-vivo system.
Different cuff diameters were selected for stimulation and recording
given that in-vivo, the nerve diameter is slightly smaller distally (where
the stimulation cuff was implanted) compared to more proximally
(where the recording cuff was implanted). In a prior histology study on
pig ulnar nerves, the proximal main trunk was found to have a mean
diameter of 1.71mm, and the distal end of the ulnar nerve had a mean
diameter of 1.30mm (Andreis et al., 2024). Fig. 1(a) shows a schematic
representation of the neural interfaces used in this study.

2.3. Surgical methods

All animal procedures were performed in accordance with the Dan-
ish Animal Experiments Inspectorate (ethics approval number 2017-15-
0201-01317), as well as the care and use of laboratory animals as
described by the U.S. National Institutes of Health. Four Landrace pigs
with weights ranging between 32.4 and 34.8 kg were used for the
study described in this paper. The pigs were anaesthetised with an
intramuscular injection of ZoletilVet (1.5mg∕10 kg; a mixture of ke-
tamine 8.3mgmL−1, tiletamine 8.3mgmL−1, zolazepam 8.3mgmL−1,
butorphanol 1.7mgmL−1, xylazine 8.3mgmL−1). The animals were then
kept sedated using sevoflurane (1.5 to 2.5% minimum alveolar concen-
tration), propofol (2mg h−1 kg−1) and fentanyl (10 μg h−1 kg−1), adminis-
tered intravenously. The animals were mechanically ventilated at a rate
of 15 cycles per minute. Throughout all experiments, the body temper-
ature, near-nerve temperature, end-tidal CO2, oxygen saturation, heart
rate, respiratory rate, blood pressure, and tail reflex were monitored.
The mean near-nerve temperature was 38 °C and ranged between 37.8
and 38.3 °C.

For each pig, a 20 cm incision was made to expose the ulnar nerve
through the anterior forelimb, which was subsequently dissected as far
distally as permissible. A section of approximately 15 cm was freed, the
recording cuff was implanted at the most proximal aspect of the ulnar
nerve, and the stimulation cuff was implanted distally (proximal to the
elbow). A silicone sheet was applied around the cuffs to minimise cur-
rent leakage, and sutures were added to each end and the centre of the
recording cuff to ensure these were closed and in good contact with the
nerve. Upon completing in-vivo recordings, the animal was euthanised
by an overdose of pentobarbitone administered intravenously, the cuffs
3

were explanted, and subsequently, the nerve was explanted and stored
in a closed container with Ringer’s solution at 4 ◦C. The proximal nerve
end was tagged with a suture to help replicate the original stimulation
and recording cuff orientations ex-vivo. The nerve was then transported
to the ex-vivo system over the course of one hour, following a realistic
use case where transportation between the operating theatre and a
separate electrophysiology lab is required. Ex-vivo recordings started
between 2 and 3 h after explanting the nerve, including the transport
time of one hour.

2.4. Ex-vivo system

An ex-vivo system was designed and manufactured to sustain ex-
planted animal nerves with lengths in the order of several centimetres
in modified Ringer’s buffer. The main container, depicted in Fig. 1(b),
was made of acrylic and consisted of two chambers joined by a narrow
channel at the centre. A temperature-controlled water bath connected
to a water jacket surrounding the chambers was also used to maintain
the nerve medium at a set temperature. Supplementary oxygen was not
provided to the nerve medium. The nerve was submersed in modified
HEPES-containing Ringer’s buffer with (in mmol L−1) 146 NaCl, 5 KCl, 1
MgCl2, 2 CaCl2, 10 HEPES, 11 glucose, pH adjusted to 7.4 using NaOH.
This medium was selected given it was previously shown to promote
the viability of explanted nerves (Harreby et al., 2013).

Both chambers were filled with modified Ringer’s buffer at 20 ◦C
to allow the nerve to warm up gradually once submerged. The nerve
was threaded through the channel, and the stimulation and recording
cuffs were applied to the ends of the nerve in different chambers
to minimise the impact of stimulation artefacts on the recordings.
The distance between the middle of the tripolar stimulation cuff and
the first recording electrode in ex-vivo experiments (labelled as 𝑓 in
Fig. 1(a)) ranged from 32 to 55mm. The temperature protocol was
to collect recordings at a range of temperatures between the initial
(minimum) temperature of 20 ◦C and a maximum of 37 ◦C. The nerve
was kept at each temperature for a minimum of 10 min. In practice,
temperature control was challenging, and it took significant time (often
>20 min) for the system loop temperature to stabilise. As a result,
although the same stimulation patterns were applied with an equal
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Fig. 2. Overview of stimulation profile delivered to the nerve both ex-vivo and in-vivo. (a) Amplitude plot of sweep of stimulation pulses, repeated four times in each individual
recording. Inset: Diagrammatic representation of single biphasic stimulation pulse, where 𝑎 is the cathodic pulse amplitude (0–16mA), 𝑏 is the cathodic pulse width (100 μs), 𝑐 is
the interphase interval (32ms), 𝑑 is the anodic pulse width (1ms), and 𝑒 is the anodic stimulation amplitude (10% of cathodic pulse amplitude). (b) Quantified charge density for
each stimulation level (based on cathodic pulse only).
number of repeats to all nerves, the temperature increments between
20 ◦C and 37 ◦C were not consistent between animals. For Pig 1 there
were four increments, for Pig 2 seven, and for Pig 3 six. For one of the
explanted nerves, the recorded eCAP amplitude was below a threshold
of ∼3𝜎 above the baseline at 30 ◦C. In this case, to maintain nerve
viability, the maximum temperature attained was 30 ◦C, and after this
peak, an additional ten recordings were carried out as the nerve cooled
to a minimum temperature of 26 ◦C. Nerve viability was assessed by
the ability to recruit eCAPs, which was accomplished for up to 5 h
post-explantation in this study.

2.5. Electronic apparatus

A biphasic stimulation waveform was delivered to the nerve both
ex-vivo and in-vivo to elicit eCAPs. This was achieved using a pro-
grammable current stimulator (STG4008, Multichannel Systems) set
up to deliver charge-balanced pulses, with the primary cathodic phase
increasing from an amplitude of 0 to 16mA (beyond supramaximal
level). The cathodic phase lasted 100 μs and was followed by a 32ms
pause, prior to delivering an anodic phase lasting 1ms at an ampli-
tude of 10% the cathodic amplitude. The longer duration and lower
amplitude of the anodic phase were chosen to allow for the recovery
of charge from the electrode without suppressing or counteracting the
stimulation effect of the cathodic phase. The maximum charge density
was, therefore, 39.2 μC cm−2. The long interphase delay was chosen
to investigate secondary pulse excitability, but these results are not
presented here. Each biphasic pulse was separated by a 1 s delay. The
stimulation amplitude was increased in a step size of 50 μA at lower
stimulation amplitudes to have a fine grain view of nerve recruitment,
but beyond the 7mA mark (supramaximal level) this was increased to
1mA increments. The entire stimulation profile was repeated four times
per recording, hence the total duration of stimulation was 5min per
recording. The entire stimulation profile is shown in Fig. 2(a), with an
inset showing a diagram of a single biphasic pulse, and the quantified
charge density for the cathodic pulse at each stimulation amplitude is
shown in Fig. 2(b).

The 11 recording channels of the recording cuff were connected
to ultra-low noise differential amplifiers (AI402 SmartProbes, Axon
Instruments, Inc.) and a programmable signal conditioner (CyberAmp
380, Axons Instruments, Inc.) in a bipolar configuration. The total
amplifier gain ranged between 5000× and 100,000×, and the data
was band-pass filtered with a fourth-order Bessel filter with cutoff
frequencies of 100Hz and 10 kHz. All data were digitised using a PCIe-
6363 card (National Instruments), with each channel being sampled at
90 kHz with 16-bit resolution.
4

2.6. Data analysis

All data processing and analyses were conducted offline using
Python and R. After digitisation, the data were band-pass filtered with
a fifth-order Butterworth filter with cutoff frequencies of 100Hz and
5 kHz, and eCAPs were extracted and analysed in the time and the
velocity domains. Prior studies on the pig ulnar nerve have shown
eCAP duration to be between 1 and 2ms when the distance between
the stimulating and first recording electrodes was around 25mm, which
is similar to the distances in this study (Andreis et al., 2022a,b). With
an expected CV range from 10 to 100m s−1 and a recording cuff length
of 50mm, it is expected that fibre action potentials (APs) would take
between 0.5 and 5ms to propagate through all recording channels.
Hence, for the time-domain analysis in this work, windows of 10ms
after each stimulus containing eCAPs were extracted for every channel,
stimulation level, and temperature. For the velocity-domain analysis,
a delay-and-add beamforming algorithm based on velocity-selective
recording (VSR) (Taylor et al., 2012; Metcalfe et al., 2021) was applied
to the windows of data to produce an intrinsic velocity spectrum (IVS).
This approach follows the logic that for a MEC with equally separated
ring electrodes, the delay between each recorded CAP arises owing
to the contributing fibre CVs and inter-electrode spacing. Therefore,
a delay 𝜏 can be calculated for each channel to effectively cancel the
naturally occurring delay. This delay can be swept through a range of
values, and when summing the different channel data, the output peaks
at 𝑑∕𝑣, where 𝑑 is the inter-electrode spacing and 𝑣 is the CV of the CAP.
This technique, therefore, increases the effective SNR by

√

𝐶, where 𝐶
is the number of channels, and minimises common-mode interference.

In total, four pig ulnar nerves were examined for this work. Both in-
vivo and ex-vivo data were collected for two of these nerves, making
these results directly comparable. One ex-vivo and one in-vivo dataset
were collected from two additional but different nerves. In summary,
there were three sets of data of each type, ex-vivo and in-vivo, but
only two sets were directly comparable since they originated from the
same nerve. Furthermore, as mentioned in Section 2.4, two nerves were
heated up to a maximum temperature of 37 ◦C, whereas one nerve was
only heated up to 30 ◦C given eCAP amplitude started to decrease at
this temperature point.

2.7. Regression analysis

It is unclear how the viability of explanted, large animal nerves
progresses in an ex-vivo system, particularly if these must be trans-
ported between laboratories. In the context of this work, nerve viability
is assumed to be continuous and hence dependent on the number of
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individual fibres that are still active, rather than a binary measure
where the nerve is either entirely viable or not at all. Prior studies have
examined nerve fibre CV following temperature alterations (Waxman,
1980; Johnson and Olsen, 1960) and showed that CV decreases with
decreasing temperatures. However, to the best of our knowledge, the
relationship between modal CV and temperature has yet to be char-
acterised for peripheral nerves ex-vivo. Similarly, nerve health and
viability have yet to be examined in a spontaneous manner, particularly
under sub-optimal oxygen and nutrient supply, as would be the case in
the ex-vivo system described in this work. Bearing in mind results from
prior in-vivo studies (Waxman, 1980; Johnson and Olsen, 1960), it is
hypothesised that for the ex-vivo experiments carried out in this study:

H1 The modal eCAP CV will decrease with time elapsed since ex-
planting the nerve.

H2 As temperature increases in the ex-vivo system, so will the modal
CV.

H3 As temperature increases up to 37 ◦C without supplementary
oxygen in the ex-vivo system, all fibres will degrade faster, which
will present a decrease in eCAP amplitude.

H4 As temperature increases up to 37 ◦C, the modal eCAP CV will
approach that seen in-vivo.

Given that the time since explanting the nerve and temperature
an affect nerve eCAP amplitude and CV, a regression analysis was
arried out to test the hypotheses above, describe any observed trends,
nd understand the individual contribution of these two key variables.
herefore, the ex-vivo data were further processed and collated with
elevant experimental variables to aid in investigating the hypotheses
roposed above. In short, the following dependent variables were
xtracted for each individual eCAP recording:

1. Peak-to-peak eCAP amplitude in μV
2. Modal velocity from the IVS in ms−1

And the following independent variables were also collected at the
ime of each eCAP recording:

1. Stimulation current in mA
2. Time since explanting the nerve in min
3. Temperature of the Ringer’s medium in the ex-vivo system in °C
4. Distance between the first recording electrode and stimulation

site in mm, measured from the centre of the first recording
electrode to the centre of the middle contact of the tripolar
stimulation cuff (see Fig. 1(a))

As a starting point, all ex-vivo data at all stimulation levels were
oaded, and eCAPs were included if they were clearly visible in the
ecording. This was achieved in practice by checking if there was a
inimum of 20 consecutive samples above the channel mean plus 2

tandard deviations (𝜎) of the channel data. Following this check, peak
eight calculations were carried out, both in the time and the velocity
omains to extract the peak-to-peak eCAP amplitude and modal CV
rom the IVS. The width of each eCAP in the time domain was also
alculated using standard peak width finding functions, using a relative
eak height of 0.3. The corresponding time since explantation and
emperature were collated with this information. In total, three separate
ig nerves were analysed (all the ex-vivo data available), with a total
f 27 recordings collected and a minimum of 4 recordings per nerve.

Using the features listed above, two multivariate generalised least
quares (GLS) linear regression models were fit in R using the nlme
ackage (Bliese, 2022). Two response variables, the eCAP amplitude
nd the modal eCAP CV, were investigated separately in the two
odels. A compound symmetry correlation structure was used with a

rouping factor of experiment and recording number. The regression
oefficients were tested for significance with 𝛼 = .05, reporting 95%
onfidence intervals (CI). The independent variables listed above were
5

sed for both regression models. The channel number had a visible
mpact on eCAP amplitude, so this was included as an independent
ariable in the eCAP amplitude model. However, given that all channels
ere used for calculating the modal eCAP CV using VSR, the channel
umber as an independent variable was excluded in this model.

. Results

.1. Time-domain analysis

.1.1. Evoked response at varying stimulation amplitudes
Fig. 3(a) and (b) show the increase in eCAP amplitude both ex-vivo

nd in-vivo for the same nerve with increasing stimulation amplitude
p to a maximum level of 16mA. As the stimulation current increases,
greater number of APs are elicited, increasing the amplitude of the

CAP. For Fig. 3(a) and subsequent figures showing example ex-vivo
ata at 37 °C, the time since explantation was 5 h, and the distance
etween the stimulation and first recording sites was 32mm. Recorded
CAPs both ex-vivo and in-vivo were plotted and analysed in the time
omain at 37 to 38 ◦C. Fig. 3(c) and (d) highlight the mean eCAP
orphology seen in-vivo and ex-vivo at a supramaximal stimulation

urrent of 16mA with min–max normalisation and detrending.
Visible eCAPs were extracted from recordings by finding at least

0 consecutive samples (approx. 0.2ms) 2𝜎 above each channel mean,
o account for varying baseline noise levels. Table 1 shows numerical
esults for these amplitude and width calculations, from the same
ecording channel at supramaximal stimulation currents (>5mA). For
x-vivo recordings, the eCAP amplitude was 83 ± 51 μVpp (peak-to-
eak), whereas the in-vivo amplitude was 170 ± 110 μVpp. At these
timulation currents, ex-vivo eCAPs had an average duration of 0.04
0.02ms whereas in-vivo eCAPs had an average duration of 0.17 ±

0.05ms. Ex-vivo results at 20 ◦C have also been included in Table 1,
showing an increase in eCAP width at lower temperatures. Table 2
shows these measurements for each individual animal nerve, where
the data for Pig 1 corresponds to the example plots in Fig. 3(a) and
(b). The discrepancy seen here in eCAP amplitude can be potentially
explained by changes in the tissue-electrode interface after explanting
the nerve and re-implanting both the simulation and recording cuffs.
This difference can also be explained in part owing to the recording cuff
being implanted proximally and the stimulation cuff being implanted
distally (proximal to the elbow) for in-vivo experiments, which implies
a larger propagation distance for in-vivo eCAPs and, hence, increased
dispersion of the individual APs (see Discussion).

3.1.2. Evoked response at increasing temperature (up to 37 ◦C)
When transferring the explanted nerve to the ex-vivo preparation,

the temperature was gradually increased from 20 ◦C to 37 ◦C. Fig. 4(a)
shows an example of the changes in eCAP morphology as temperature
increases, namely that the duration of the eCAP decreases from 0.1 to
0.07ms and the amplitude increases up to ∼300 μVpp at 32 ◦C, before
ecreasing to ∼230 μVpp at 37 ◦C. For Fig. 4(a) and subsequent figures
howing examples of ex-vivo data at this range of temperatures, the
ime since explantation was 4 to 5 h, and the distance between the
timulation and first recording sites was 32mm. The eCAP seen ex-vivo
t 37 ◦C was also compared to that for the same nerve in-vivo, as shown
n Fig. 4(b). A good agreement can be seen between both eCAP shapes.

To further quantify the differences in fibre recruitment between ex-
ivo and in-vivo recordings, recruitment curves (Andreis et al., 2022b)
ere also obtained to compare the peak eCAP amplitude at each stimu-

ation current for different temperatures ex-vivo and on average ex-vivo
nd in-vivo. Fig. 5(a) highlights the changes in the recruitment curves
hen increasing the temperature ex-vivo for one example experiment,
hich highlights a shift in the threshold for supramaximal activity
hen increasing the temperature from 20 to 37 ◦C, with the threshold
eing decreasing from 1mA to 500 μA. The changes in eCAP amplitude
reviously seen in Fig. 4(a) can also be seen here. Fig. 5(b) shows the
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Fig. 3. Overview of eCAP morphology as at stimulation currents ranging between 0 and 16mA, as well as at supramaximal stimulation ex-vivo and in-vivo at 37 to 38 ◦C. (a)
Single channel plot of example ex-vivo eCAPs across the entire stimulation amplitude sweep. (b) Single channel plot of in-vivo eCAPs across the entire stimulation amplitude
sweep for the same nerve as (a). (c) Average ex-vivo (blue) responses at a supramaximal stimulation level of 16mA. (data from 2 nerves). (d) Average in-vivo (red) responses
at a supramaximal stimulation level of 16mA. (data from 3 nerves) (Stimulation occurs at time equally zero in these plots, min–max normalisation was used in (c) and (d), and
individual nerve recordings are shown in grey in both).
Table 1
Summary of time-domain eCAP features at 20 ◦C and 37 ◦C ex-vivo, and at 38 ◦C in-vivo.
Parameter Value at 20 ◦C ex-vivo

(mean ± s.d.)
Value at 37 ◦C ex-vivo
(mean ± s.d.)

Value at 38 ◦C in-vivo
(mean ± s.d.)

Supramaximal eCAP amplitude (μV) 79 ± 82 83 ± 51 170 ± 110
Supramaximal eCAP duration (ms) 0.26 ± 0.08 0.04 ± 0.02 0.17 ± 0.05
Table 2
Summary of time-domain eCAP features for each individual animal nerve across all temperatures ex-vivo, at 20 ◦C and 37 ◦C ex-vivo, and at 38 ◦C in-vivo. Note that for Pig 2
the maximum temperature reached was 30 °C.

Animal Parameter Average value across
all temps. ex-vivo
(mean ± s.d.)

Value at 20 °C
ex-vivo (mean ± s.d.)

Value at 37 °C
ex-vivo (mean ± s.d.)

Value at 38 °C in-vivo
(mean ± s.d.)

Pig 1 Supramaximal eCAP amplitude (μV) 250 ± 87 220 ± 1.5 120 ± 2.2 87 ± 8.3
Supramaximal eCAP duration (ms) 0.22 ± 0.10 0.28 ± 0.00 0.04 ± 0.00 0.23 ± 0.02

Pig 2 Supramaximal eCAP amplitude (μV) 34 ± 8.8 34 ± 4.5 – 110 ± 15
Supramaximal eCAP duration (ms) 0.19 ± 0.10 0.25 ± 0.08 – 0.11 ± 0.00

Pig 3 Supramaximal eCAP amplitude (μV) 100 ± 70 30 ± 3.2 6.78 ± 3.27 –
Supramaximal eCAP duration (ms) 0.16 ± 0.08 0.25 ± 0.12 0.04 ± 0.04 –

Pig 4 Supramaximal eCAP amplitude (μV) – – – 320 ± 15
Supramaximal eCAP duration (ms) – – – 0.16 ± 0.01
average recruitment ex-vivo and in-vivo across multiple nerves. The
average recruitment profile in each case was represented by a logistic
curve, fitted using Scipy’s curve fitting functionality and the following
equation:

𝑓 (𝑥) = 𝐿 + 𝑜 (1)
6

1 + 𝑒−𝑘(𝑥−𝑥0)
where 𝐿 is the curve’s maximum value, 𝑘 is the steepness of the curve,
𝑥0 is the 𝑥 value at the sigmoid midpoint, and 𝑜 is a possible offset.

Results show that in-vivo eCAPs start to be recruited on average
at 175 μA and reach a supramaximal level beyond 650 μA. Compared
with the ex-vivo data, in-vivo eCAPs show a more rapid increase to
supramaximal levels.
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Fig. 4. Example eCAP morphology at temperatures ranging between 20 and 37 ◦C. (a) Example ex-vivo eCAPs across different temperatures under supramaximal stimulation
(16mA). (b) In-vivo (pink) and ex-vivo (black) responses at 37 to 38 ◦C under supramaximal stimulation (16mA) for the same nerve used in (a). In both plots, eCAPs were aligned
according to their peaks to provide a more direct comparison of eCAP shape.
Fig. 5. Recruitment curves for ex-vivo data at temperatures ranging between 20 and 37 ◦C, and average ex-vivo and in-vivo recruitment curves at 38 ◦C. In all plots, data points
for different recordings are included and displayed as dots. (a) Example ex-vivo experiment at increasing temperatures, from 20 to 37 ◦C. (b) All ex-vivo and in-vivo experiments
at 37 to 38 ◦C, with min–max normalisation. The solid pink trace represents the average fitted recruitment curve for all in-vivo recordings, whereas the solid black trace represents
the average fitted recruitment curve for all ex-vivo recordings.
3.2. Velocity-domain analysis

3.2.1. Recruited velocities at varying stimulation amplitudes
All recordings were also analysed in the velocity domain, and ex-

vivo results were compared against those in-vivo. Fig. 6(a) and (b)
show example IVS plots throughout the full range of stimulation levels,
both ex-vivo and in-vivo. The ex-vivo data shows a narrower modal
peak around 45m s−1, whereas that for the in-vivo data is wider and
centred around 55m s−1. Fig. 6(c) shows the average IVS for recordings
conducted ex-vivo at 37 ◦C, highlighting a modal CV of 45m s−1,
whereas for the in-vivo data shown in Fig. 6(d) the modal CV is at
60m s−1. Fig. 6(e) shows the similarity between ex-vivo and in-vivo
IVS plots at the same temperature, using shaded areas to show the
extent of overlap and the mean-squared error (MSE) between the two.
Also included was the MSE when compared with ex-vivo data at a
lower temperature of 20 ◦C, highlighting a 77% reduction in the MSE
and hence, improved correspondence between the two when ex-vivo
temperatures approach those seen in-vivo.

3.2.2. Recruited velocities at increasing temperature (up to 37 ◦C)
Given each nerve had to be warmed up to 37 ◦C in the ex-vivo

system, it was also possible to compare the modal CV at each tempera-
ture both in the time domain and the velocity domain with multiple
IVS plots. Fig. 7(a) shows a straight line fit through each adjacent
recording channel to illustrate eCAP propagation along the MEC in
the time domain. Approximate modal CV values of 16.7m s−1 at 20 ◦C
and 37.7m s−1 at 37 ◦C were obtained following a simple calculation
7

using the distance between electrode sites divided by the onset time
of the eCAP at each point, averaged across each channel. A more
comprehensive view of the eCAP CV distribution can be obtained using
IVS plots, as shown in Fig. 7(b) and (c). Fig. 7(b) demonstrates the
contribution of different eCAP velocities at increasing temperatures.
This plot shows that as temperature increases, so does the modal eCAP
CV, therefore resulting in a shift to the right in the IVS plot. As
temperature increases to 32 ◦C, 33 ◦C, and finally, 37 ◦C, the modal
CV in the IVS plots also increases to 24, 27, and 43.5m s−1, respectively.
Fig. 7(c) shows a comparison of the same nerve ex-vivo and in-vivo at
37 to 38 ◦C, where the modal eCAP CV is 43.5m s−1 ex-vivo and 60m s−1

in-vivo. A similar plot to that in Fig. 6(c) was produced, highlighting
the close overlap between IVS ex-vivo and in-vivo, also quantified by
a decrease of 80% in MSE when compared to data at 20 ◦C.

3.3. Regression analysis

As previously described, two linear regression models were devised
to investigate the impact of ex-vivo experimental parameters on eCAP
amplitude and the modal CV, respectively. Two independent variables
of interest were the time since explanting the nerve and temperature.
Table 3 shows the results for the linear regression model for eCAP
amplitude. Observationally, the eCAP amplitude is negatively corre-
lated with time since explantation (−0.049 μVmin−1, p = 0.7199), and
temperature is also negatively correlated (−0.76 μV °C−1, p = 0.7533),
but these results are not significant. However, when examining relevant
experimental parameters with the modal eCAP CV model instead,
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Fig. 6. Intrinsic velocity spectra (IVS) at varying stimulation amplitudes, ranging between 0 and 16mA, and averaged across ex-vivo and in-vivo data at 37 to 38 ◦C. (a) Ex-vivo
IVS for a single experiment at 37 ◦C across the entire range of stimulation currents (up to 16mA). (b) In-vivo IVS for a single experiment across the entire range of stimulation
currents (up to 16mA, same nerve as that for data shown in (a)). (c) Average ex-vivo IVS under supramaximal stimulation at 37 ◦C (blue line) and individual repeats (grey lines,
data from 2 nerves). (d) Average in-vivo IVS under supramaximal stimulation (red line) and individual repeats (grey lines, data from 3 nerves). (e) Comparison of average ex-vivo
and in-vivo IVS at 37 to 38 ◦C in terms of IVS overlap with ex-vivo data in blue and in-vivo data in red and quantified mean-squared error (MSE). MSE was 0.30 vs. ex-vivo IVS
at 20 °C, 0.07 vs. ex-vivo IVS at 37 °C.
Fig. 7. Recruited velocities at temperatures ranging between 20 and 37 ◦C from example ex-vivo experiment. (a) Time-domain plot of propagating ex-vivo eCAPs at 20 ◦C (green)
and 37 ◦C (black), showing modal eCAP velocities of 16.7m s−1 and 37.7m s−1, respectively. (b) Intrinsic velocity spectra (IVS) of the same ex-vivo data across different temperatures.
(c) Comparison of in-vivo (pink) and ex-vivo (black) IVS plots with min–max normalisation at 37 to 38 ◦C for the same nerve, showing extent of overlap and quantified MSE.
MSE was 0.35 vs. ex-vivo IVS at 20 °C, 0.07 vs. ex-vivo IVS at 37 °C.
statistically significant correlations with temperature and time since ex-
plantation can now be seen (see Table 4). Specifically, the modal eCAP
CV decreases by 0.13m s−1 min−1 since the nerve has been explanted (p
< 0.001) and increases by 2.17m s−1 °C−1 (p < 0.001). This model’s 𝛽
coefficients further emphasise that time since explanting the nerve and
temperature are the two strongest contributors to modal CV.

4. Discussion

In-vitro and ex-vivo systems have been crucial in biomedical re-
search for examining cells and tissues in an accurate and cost-effective
way. Prior ex-vivo systems have been predominantly aimed at small
animal nerves, which have different surgical and experimental con-
straints compared to large animals (Li and Shi, 2006; Gribi et al., 2018;
8

Bastian et al., 2020). Only a limited number of studies mention ex-
vivo preparations for large animal nerves (Harreby et al., 2013; Tarotin
et al., 2022), which have greater potential to be directly translated to
humans. Additionally, to the best of our knowledge, there has yet to be
a study that directly compares ex-vivo large animal nerve activity with
that seen in-vivo, and how this changes over time in an ex-vivo system.

Hence, this work describes the development of an ex-vivo sys-
tem suitable for conducting neuromodulation experiments on large
explanted animal peripheral nerves. Electrical activity in this system
was also compared with that seen in-vivo, and changes in nerve activity
were assessed over time and at different temperatures ex-vivo. This
was examined in the context of having to transport explanted ulnar
nerves between the operating theatre and a separate laboratory for ex-
vivo experiments, which is a realistic use case for large animal studies.
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Table 3
Multivariate linear regression results with the eCAP amplitude as the dependent variable, where B are the model coefficients with raw data and
𝜷 are model coefficients with z-score normalised data. Statistically significant p-values are shown in bold.
Coefficient B (𝛥μV) 𝜷 CI (95%) Std error t-value p-value

Time since explantation (min) −0.049 −0.059 −0.31–0.22 0.14 −0.36 0.7199
Temperature (◦C) −0.76 −0.047 −5.47–3.96 2.40 −0.31 0.7533
Channel −4.32 −0.23 −4.48 to −4.15 0.086 −50.09 <0.001
Distance to stim. site (mm) −1.83 −0.36 −4.48 to −4.15 0.74 −2.46 0.0140
Stimulation level (mA) 2.30 0.16 2.17–2.43 0.066 34.60 <0.001
(Intercept) 171.61 −0.035 26.05–317.16 74.26 2.31 0.0208

𝑅2 0.29
Table 4
Multivariate linear regression results with the modal eCAP CV as the dependent variable, where B are the model coefficients with raw data
and 𝜷 are model coefficients with z-score normalised data. Statistically significant p-values are shown in bold.
Coefficient B (𝛥ms−1) 𝜷 CI (95%) Std error t-value p-value

Time since explantation (min) 0.13 −0.81 −0.15 to −0.11 0.011 −11.89 <0.001
Temperature (◦C) 2.17 0.70 1.79–2.54 0.19 11.38 <0.001
Distance to stim. site (mm) −0.10 −0.11 −0.22–0.014 0.059 −1.73 0.0840
Stimulation level (mA) 0.026 0.010 0.0058–0.046 0.010 2.53 0.0113
(Intercept) 5.12 0.0046 −6.41–16.62 5.87 0.87 0.3846

𝑅2 0.70
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Porcine ulnar nerves were used given their resemblance to human
anatomy, the ease of implantation, and the range of conditions which
can be addressed with neuromodulation on the ulnar nerve (Andreis
et al., 2022a).

After cooling the nerves to 4 ◦C for transportation and reheating
them back to between 20 and 37 ◦C in the ex-vivo preparation, eCAPs

ere successfully elicited and presented a similar morphology to those
een in-vivo. However, there were discrepancies between the amplitude
f eCAPs seen ex-vivo and in-vivo (see Fig. 3). For the experiment
epicted in Fig. 3, eCAP amplitude reached ∼200 μVpp at 37 ◦C ex-
ivo, whereas it only reached ∼80 μVpp in-vivo. This difference can be
artially attributed to the distance between stimulation and recording
ites, which was larger in-vivo given the recording cuff was implanted
t the most proximal aspect of the ulnar nerve, and the stimulation
uff was implanted distal of the elbow. This is further corroborated
n Table 1, where a substantial difference in eCAP width across all
xperiments can be seen when comparing average in-vivo values (0.17
0.05ms) to those ex-vivo at 37 ◦C (0.04 ± 0.02ms). It is worth

oting that a fixed cathodic stimulation pulse width of 100 μs was used
throughout these experiments. A prior study on the recording of in-
vivo eCAPs in pig ulnar nerves has highlighted that a pulse width of
500 μs is on the horizontal asymptotic section of the strength-duration
curve, and that increasing this further had no effect on the excitation of
fast fibres (Andreis et al., 2022a). However, the authors also note that
fast fibres can still be recruited at a pulse width of 100 μs with higher
stimulation currents, such as those used in this study (up to 16mA,
beyond the expected supramaximal level).

Given the ability to control temperature via a water bath in the
ex-vivo system, properties in time and velocity domain plots were
examined at temperatures ranging between 20 and 37 ◦C. In the time
omain, this resulted in a decrease in eCAP duration and amplitude
t temperatures closer to 37 ◦C, as shown in Fig. 4(a). Although
e are unaware of directly comparable prior studies studying the
ffect of temperature on explanted large animal nerves ex-vivo, studies
ave been carried out on individual neurons and human nerves. In
ingle-axon studies (Hodgkin and Katz, 1949; Rutkove, 2001), a slower
epolarisation of sodium channels at decreased temperature resulted
n a decreased CV. Slower depolarisation and repolarisation were also
een, producing a longer duration AP. Given the increased channel-
pen time at lower temperatures, larger depolarisation also occurred,
roducing an increase in AP amplitude. Bolton et al. (1981) have
bserved a similar effect to that seen in our study in experiments on
n-vivo human median and radial nerves, where cutaneous temperature
as varied between approximately 20 and 32 ◦C, which resulted in
9

decrease in both CAP amplitude and duration as temperature in-
reased. Ludin and Beyeler (1977) conducted similar experiments on
he median nerve at the wrist and elbow, and found the same trend at
emperatures ranging between 26 and 36 ◦C. In addition, they also saw
n increase in CAP amplitude between 22 and 26 ◦C. It is hypothesised
hat the decrease in eCAP duration seen in this study ex-vivo occurs
s a result of an increased proportion of fast, myelinated fibres being
ctivated at near-nerve temperatures approaching 37 ◦C, whereas the
ecrease in amplitude might be as a result of not only heating the nerve
ut potentially from doing so without oxygenation or refreshing the
edium.

In the velocity domain, the MSE between average in-vivo and ex-
ivo IVS plots decreased as the ex-vivo temperature approached that
een in-vivo (see Fig. 6). However, it is worth noting that modal ex-
ivo eCAP CV tended to peak around 45m s−1 at 37 ◦C, whereas those
n-vivo reached on average 60m s−1. We hypothesise that this small
iscrepancy in CV at 37 ◦C could be partly due to nerve deterioration,
articularly in terms of myelinated fibres, after reheating the nerve
n the ex-vivo system. In the velocity domain, it was also observed
hat increasing temperatures shift the resulting IVS plot to the right,
mplying that as the temperature approaches that seen in-vivo (37 ◦C),
o does the modal eCAP CV (see Fig. 7(b)). This relationship between
V and temperature has been previously investigated in individual
eurons and cat peripheral nerves, and was attributed predominantly to
hanges in sodium and potassium channel activity (Hodgkin and Katz,
949; Douglas and Malcolm, 1955; Frankenhaeuser and Moore, 1963).
hese studies report that the CV will be slower at lower temperatures
wing to the slower onset of sodium channel depolarisation. When
omparing ex-vivo IVS data at 37 ◦C to that in-vivo at around the same
emperature and for the same nerve, a clear correspondence can once
gain be seen, quantified using MSE as shown in Fig. 7(c).

Since there were no recordings conducted at 37 ◦C immediately
fter the nerve was explanted (i.e. the nerve was first chilled to 4 ◦C,
hen reheated gradually), we hypothesised that the change in amplitude
an be partially attributed to the time elapsed since explanting the
erve without providing oxygenation, whilst simultaneously increasing
ts metabolic rate with increasing temperatures (Ohe et al., 2006;
ilglioni et al., 2018). Microscopic changes in the electrical coupling
etween the nerve and electrode ex-vivo could also affect the amplitude
ver time (Rocha et al., 2016; Spira and Hai, 2013). Given the interplay
etween temperature and time since explanting the nerve, a multivari-
te linear regression model was devised to investigate these two effects,
hich showed that the time since explanting the nerve and temperature
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were negatively correlated with eCAP amplitude, but this change was
not statistically significant for the data obtained (see Table 3).

Similarly to amplitude in the time domain, temperature and time
since explantation can also impact modal eCAP CV in the velocity
domain. A regression model was therefore fit with modal eCAP CV
as the dependent variable, highlighting that time since explantation is
negatively correlated with modal eCAP CV, and temperature is posi-
tively correlated. Following this model, modal eCAP CV decreases by
0.13m s−1 min−1, implying that over 5 h this would result in a decrease
of around 39m s−1. This is larger than the decrease seen on average

hen comparing ex-vivo and in-vivo data at 37 to 38 °C (see Fig. 6(e)),
but it is worth noting the positive correlation with temperature in this
case. Regarding the impact of temperature, the quantified change in CV
per degree centigrade was 2.17m s−1 °C−1. The effect of temperature on
peripheral nerves has been previously examined predominantly from
the perspective of motor and sensory fibres. One prior study has found
that the CV of motor fibres of healthy ulnar nerves in the forearm de-
creased by 2.4m s−1 °C−1 for near-nerve temperatures ranging between
29 and 38 ◦C (Henricksen, 1956), which is in line with the results
presented for this work. Another study on the sciatic nerve has found
this factor to be instead 1.7–1.9m s−1 °C−1 (Gassel and Trojaborg, 1964),
and studies focusing on surface rather than near-nerve temperature
have found this to vary between 1.5–2.1m s−1 °C−1 (Rutkove, 2001;
Halar et al., 1983), which is also similar to the factor obtained in this
study. In summary, these regression results support our hypotheses H1,
H2, and H4, but reject hypothesis H3. Specifically, both temperature
and time post-explantation significantly impact eCAP modal CV, but
this impact is not statistically significant on eCAP amplitude. Partial
plots and histograms of residuals for the amplitude and modal CV
linear regression models have been included as supplementary mate-
rial, which further supports the applicability of linear regression for
modelling modal CV but not amplitude.

The ex-vivo system and study have some limitations. First, the
ex-vivo system itself could be further optimised and improved. In
particular, the absence of oxygenation and not optimising the perfusion
physiological saline medium will likely have impacted the viability of
the nerve, and restricted the available experiment time after explanta-
tion. There was also a lag between setting the temperature on the water
bath and this propagating throughout the water jacket, meaning very
fine temperature steps were impractical to obtain. Given the need to
transport the nerve between facilities, the initial ex-vivo temperature
was always ∼20 °C in this study. It would also be useful to investigate
nerve activity in a setting where the nerve can be explanted and
immediately transferred to an ex-vivo system at 37 to 38 °C, to confirm
any effects arising from cooling and trends in time since explantation.
Second, eCAP amplitude was used as a proxy for overall nerve viability
or health in hypothesis H3, but there may be other measures to quantify
this more clearly. In fact, the eCAP amplitude as detected by cuff
electrodes can also be affected by other factors, such as the contact
impedance between the nerve and electrodes. Third, this study focussed
predominantly on results from electrical neuromodulation experiments.
Although this offers valuable insights by examining eCAPs both in
the time and velocity domain, these measurements are taken from
the outside of the nerve, and hence consist of responses from large
groups of individual fibres, both myelinated and unmyelinated (Andreis
et al., 2022a). Nerve conduction studies have also been carried out
in carpal tunnel syndrome (CTS) patients, where there is a reduc-
tion in median nerve myelination owing to compression of the nerve.
Prior research showed thickly myelinated fibres are more sensitive to
temperature compared to thinly myelinated fibres, as evidenced by
CTS studies which resulted in sensory CV changes of 0.1–0.7m s−1 °C−1

instead (Rutkove, 2001; Wang et al., 1999; Ashworth et al., 1998).
Therefore, individual fibre activity and characteristics could be inves-
tigated further in future, both in terms of electrical activity but also
with histological analysis. Addressing the limitations mentioned above
would significantly improve the confidence and utility of using ex-vivo
10

systems for neuromodulation experiments.
5. Conclusions

This paper proposes a new approach for the development and assess-
ment of an ex-vivo system for conducting neuromodulation experiments
on large animal peripheral nerves. This would complement existing
simulations and in-vivo experiments in neural interface development.
Crucially, to the best of our knowledge, this is the first study to collect
and compare recordings obtained from neuromodulation experiments
on explanted nerves to those seen in-vivo, and to examine ex-vivo large
animal nerve viability over time and at different temperatures.

The proposed ex-vivo system was capable of sustaining explanted
peripheral nerves for several hours for neuromodulation experiments.
At present, in-vivo experiments allowed for approximately 8 h of effec-
ive experimentation time. After explanting the nerve and allowing 1
o 2 h for transport, the ex-vivo system then allows for an additional
to 3 h of effective experimentation time. The experiments conducted

followed a realistic use case of having to transport the nerve and were
compared with in-vivo data for the first time. Such a system is impor-
tant for complementing in-vivo experiments, by maximising the utility
and potential experimental data to be collected from single or multiple
nerves in a cost-effective and straightforward manner. This system
could therefore be used for a range of research activities in neural
interface development, such as the optimisation of materials, electrode
or interface designs, and selecting and trialling new equipment, among
others. The ability to capture additional experimental data following in-
vivo experiments would also be vital for training ML models, which are
becoming increasingly prevalent in biomedical engineering but require
substantial and diverse datasets to produce accurate results.
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